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MaBACKGROUND Although renal sympathetic denervation therapy has shown promising results in patients with
resistant hypertension, the human anatomy of peri-arterial renal nerves is poorly understood.
OBJECTIVES The aim of our study was to investigate the anatomic distribution of peri-arterial sympathetic nerves
around human renal arteries.
METHODS Bilateral renal arteries were collected from human autopsy subjects, and peri-arterial renal nerve anatomywas
examined by using morphometric software. The ratio of afferent to efferent nerve ﬁbers was investigated by dual immu-
noﬂuorescence staining using antibodies targeted for anti–tyrosine hydroxylase and anti–calcitonin gene–related peptide.
RESULTS A total of 10,329 nerves were identiﬁed from 20 (12 hypertensive and 8 nonhypertensive) patients. The mean
individual number of nerves in the proximal and middle segments was similar (39.6  16.7 per section and 39.9  1 3.9
per section), whereas the distal segment showed fewer nerves (33.6  13.1 per section) (p ¼ 0.01). Mean subject-speciﬁc
nerve distance to arterial lumen was greatest in proximal segments (3.40  0.78 mm), followed by middle segments
(3.10  0.69 mm), and least in distal segments (2.60  0.77 mm) (p < 0.001). The mean number of nerves in the ventral
region (11.0  3.5 per section) was greater compared with the dorsal region (6.2  3.0 per section) (p < 0.001). Efferent
nerve ﬁbers were predominant (tyrosine hydroxylase/calcitonin gene–related peptide ratio 25.1  33.4; p < 0.0001).
Nerve anatomy in hypertensive patients was not considerably different compared with nonhypertensive patients.
CONCLUSIONS The density of peri-arterial renal sympathetic nerve ﬁbers is lower in distal segments and dorsal
locations. There is a clear predominance of efferent nerve ﬁbers, with decreasing prevalence of afferent nerves
from proximal to distal peri-arterial and renal parenchyma. Understanding these anatomic patterns is important for
reﬁnement of renal denervation procedures. (J Am Coll Cardiol 2014;64:635–43) © 2014 by the American College of
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ABBR EV I A T I ON S
AND ACRONYMS
BP = blood pressure
CGRP = calcitonin
gene–related peptide
H&E = hematoxylin and eosin
NFP = neuroﬁlament protein
TH = tyrosine hydroxylase
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636R enal sympathetic denervation is apromising new therapy for patientswith resistant hypertension, which
is deﬁned as failure to achieve control of
blood pressure (BP) despite treatment with
optimal doses of$3 antihypertensive medica-
tions (1). Catheter-based radiofrequency renal
denervation has demonstrated both safety
and efﬁcacy for the treatment of resistanthypertension, with 93% of patients having a reduction
in ofﬁce-based systolic BP of $10 mm Hg at 3 years (2).
Furthermore, other denervation technologies, such
as catheter-based ultrasound, externally applied
focused ultrasound, or catheter-based microinfusion
of neurotoxic drugs, have been developed (3).
Although all renal denervation technologies target
renal sympathetic nerves around the renal artery, our
understanding of human anatomy of peri-arterial
renal nerves remains limited.SEE PAGE 644The aim of the present study was: 1) to examine the
morphological characteristics of nerve ﬁbers with
respect to density, size, and distance from renal ar-
tery lumen; 2) to investigate the inﬂuence of hyper-
tension on peri-arterial renal nerve distribution; and
3) to determine the proportion of efferent and
afferent ﬁbers along the peri-arterial neuronal
network of renal arteries and within the kidney.
METHODS
Bilateral renal arteries with attached abdominal
aorta and kidneys were collected from 25 autopsy
subjects. The ﬁrst 20 cases were used for the inves-
tigation of peri-arterial nerve anatomy, and the other
5 cases were used to investigate the ratio of efferent
and afferent nerve ﬁbers within nerve fascicles.
Identiﬁcation of hypertension was on the basis of
patient histories and histological examination of
kidney sections (4). In the ﬁrst 20 cases, renal
arteries were perfusion-ﬁxed ex vivo under physio-
logical pressure (80 to 100 mm Hg) with 10% neutral-
buffered formalin. The use of dyes demarcated the
ventral, dorsal, superior, and inferior regions around
the renal artery. Each artery with surrounding soft
tissue was sectioned at 4- to 5-mm intervals and
equally divided into proximal, middle, and distal
segments. At least 2 sections distal to the arterial
bifurcation also were submitted. Each segment was
dehydrated, embedded in parafﬁn, cut at 5 mm thick-
ness, and stained with hematoxylin and eosin (H&E)
and Movat pentachrome. To minimize the effect of
autolysis on immunohistochemistry (5), the last 5 caseswere collected from subjects within 24 hours of
death. After cutting, each section was ﬁxed in para-
formaldehyde (4%), followed by microwave ﬁxation.
Digital images from H&E-stained histological
sections were acquired at 1.25 magniﬁcation. The
images were divided into 4 quadrants on the basis
of the dye labeling and analyzed with image analysis
software (IP Lab for Mac OS X, Scanalytics, Rockville,
Maryland). Measurements of the distance from the
luminal surface of the renal arteries to each nerve were
performed in each quadrant around the renal artery.
Details of the methods used for immunohistochem-
istry are described in the Online Appendix.
STATISTICAL ANALYSIS. Results for continuous
variables are expressed as mean  SD. The Shapiro-
Wilk test was used to statistically assess violations
of the normal distribution assumption. Each individ-
ual distance from lumen to nerve was used in the
tables for whole distribution or ﬁgures for cumulative
percentile of nerves, whereas mean values per renal
artery were used for statistical comparison. For
statistical comparison of spatial nerve distribution,
mean values of nerve counts were derived for prox-
imal, middle, and distal regions, as well as for ventral,
dorsal, superior, and inferior location, and matched
comparisons were performed by using paired Student
t tests or repeated measures analysis of variance for
normally distributed parameters. For skewed data
distribution, a matched comparison using the Wil-
coxon signed rank or Friedman test was applied.
Comparisons between hypertensive and non-
hypertensive subjects were performed by using the
independent Student t test or Wilcoxon rank sum
test. Categorical data were analyzed by using the chi-
square test or the Fisher exact test. The Spearman
correlation coefﬁcient was calculated to assess the
correlation between nerve counts identiﬁed by using
H&E staining and those identiﬁed by using neuro-
ﬁlament protein (NFP) staining.
All analyses were performed by using SPSS version
19 (IBM SPSS Statistics, IBM Corporation, Armonk,
New York) and JMP 5 (SAS Institute, Inc., Cary, North
Carolina). All reported p values were determined by
2-sided analysis, and values <0.05 were regarded as
statistically signiﬁcant.
RESULTS
A total of 40 renal arteries from the ﬁrst 20 patients
were allocated for histological evaluation to deter-
mine the renal artery anatomy and nerve distribution.
Patient characteristics and renal arterial anatomy are
shown in Table 1. Mean individual lumen diameter
between the proximal, middle, and distal segments
TABLE 1 Patient Characteristics and Renal Arterial Anatomy
All
(n ¼ 20)
Hypertensive
(n ¼ 12)
Nonhypertensive
(n ¼ 8) p Value
Age, yrs 50  11 54  8 43  10 0.009
Sex (male/female) 16/4 11/1 5/3 0.26
Race (white/African American) 13/7 7/5 6/2 0.64
Obesity (BMI >30 kg/m2) (yes/no) 11/9 8/4 3/5 0.36
Hypertension (yes/no) 12/8 12/0 0/8 —
History of diabetes mellitus (yes/no/unknown) 2/11/7 1/8/3 1/3/4 0.43
History of hyperlipidemia (yes/no/unknown) 3/10/7 2/7/3 1/3/4 0.51
Sudden coronary death/noncoronary death 9/11 7/5 2/6 0.20
Mean length of renal artery, cm 3.1  0.8 3.1  0.9 3.2  0.7 0.68
Length of right renal artery, cm 3.5  0.9 3.3  1.0 3.9  0.8 0.15
Length of left renal artery, cm 2.8  0.8 2.9  0.8 2.6  0.8 0.43
Renal artery atherosclerosis (yes/no) 12/8 10/2 2/6 0.02
EEL area of right renal artery, mm2 22.9  7.2 25.3  7.8 19.4  4.5 0.07
EEL area of left renal artery, mm2 25.4  8.1 27.0  9.0 23.0  6.5 0.30
IEL area of right renal artery, mm2 15.9  5.1 17.6  5.3 13.5  3.9 0.07
IEL area of left renal artery, mm2 17.9  5.9 18.8  6.6 16.5  4.6 0.41
Lumen area of right renal artery, mm2 13.6  4.4 14.0  5.0 12.9  3.5 0.60
Lumen area of left renal artery, mm2 15.2  5.0 15.3  5.7 15.1  4.1 0.94
Lumen diameter of right renal artery, mm 4.1  0.7 4.1  0.8 4.0  0.5 0.68
Lumen diameter of left renal artery, mm 4.3  0.7 4.3  0.8 4.3  0.6 0.98
Percent stenosis of right renal artery 11.8  14.3 18.2  15.3 2.3  3.8 0.002
Percent stenosis of left renal artery 11.7  14.6 15.3  16.7 6.3  5.1 0.06
Values are mean  SD or n. Continuous variables were analyzed by using the unpaired Student t test or Wilcoxon rank sum test. Categorical data were analyzed by using
the chi-square test or the Fisher exact test.
BMI ¼ body mass index; EEL ¼ external elastic lumen; IEL ¼ internal elastic lumen.
FIGURE 1 Representative Images of Perfusion-Fixed Renal Artery and
Peri-Arterial Tissue
(A) Modiﬁed Movat pentachrome stain. (B) Hematoxylin and eosin stain. (C) Methods of
nerve distance measurement from the luminal surface of renal artery to each nerve edge.
(D) Blue ink represents superior location.
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637was 4.4  0.9 mm, 4.0  0.7 mm, and 4.1  0.9 mm,
respectively (p ¼ 0.004).
A total of 10,329 nerves (8,030 nerves were located
proximal to the bifurcation [220 sections] and 2,299
nerves distal to the bifurcation [80 sections]) located
around the renal arteries were identiﬁed from 300
sections. Representative images of perfusion-ﬁxed
renal arteries are shown in Fig. 1. The distribution of
nerves, stratiﬁed by the distance from the arterial
lumen to the nerve within the proximal, middle, and
distal renal artery sections, is reported in Table 2.
There was no signiﬁcant correlation between the
mean number of nerves per section and vessel
diameter (Spearman’s r ¼ –0.004, p ¼ 0.95) nor be-
tween the mean number of nerves per section and
vessel length (Spearman’s r ¼ –0.31, p ¼ 0.06).
Table 3 shows the distribution of nerves stratiﬁed
according to the distance from the arterial lumen
relative to their circumferential location. The distri-
bution of nerves distal to the bifurcation of the renal
artery is shown in Online Table 1. From the ﬁrst 20
patients (40 renal arteries), 6 kidneys had accessory
renal arteries. The mean lumen diameter of the
accessory artery was 2.3  0.3 mm. The number of
nerves and mean distance from the accessory artery
TABLE 2 Distribution of Nerves Stratiﬁed According to Total Number and Distance From Lumen in Relative Proximal, Middle, and Distal
Location
Whole Distribution (n ¼ 8,030 nerves)
Proximal Middle Distal Total
Distance from lumen to nerve, mm
0–<1 218 244 227 689 (8.6)
1–<2 831 892 877 2,579 (32.1)
2–<3 549 553 324 1,426 (17.8)
3–<4 469 372 213 1,054 (13.1)
4–<5 314 284 133 731 (9.1)
5–<6 249 203 115 567 (7.1)
6–<7 163 169 39 371 (4.6)
7–<8 120 86 36 242 (3.0)
8–<9 91 71 29 191 (2.4)
9–<10 58 71 14 143 (1.8)
$10 8 7 1 16 (0.2)
Total no. of nerves 3,070 2,952 2,008 8,030
No. of arterial section 82 76 62 220
Comparison Among Proximal, Middle, and Distal on the Basis of Each Artery (40 Renal Arteries)
All
(n ¼40)
Proximal
(n ¼ 40)
Middle
(n ¼ 39)*
Distal
(n ¼ 40)
p Value for
Overall*
p Value for
Proximal and Middle
Versus Distal†
Mean no. of nerves 37.5  11.1 39.6  16.7 39.9  13.9 33.6  13.1 0.094 0.01
All
(n ¼ 40)
Proximal
(n ¼ 40)
Middle
(n ¼ 39)*
Distal
(n ¼ 40)
p Value for
Overall*
p Value for
Proximal
Versus Middle*
p Value for
Proximal
Versus Distal*
p Value
for Middle
Versus Distal*
Mean distance from lumen
to nerve, mm
3.12  0.54 3.40  0.78 3.10  0.69 2.60  0.77 <0.001 0.04 <0.001 <0.001
Values are n, n (%), or mean SD. Friedman test or repeated measures analysis of variance was used. *One renal artery that did not have amiddle section (short renal artery)was
excluded from this analysis. †Paired Student t test was used.
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638lumen to the nerves are shown in Online Table 2. The
cumulative incidence of the distance of the nerves
from the arterial lumen was calculated on the basis of
a total of 8,030 nerves before the bifurcation (Fig. 2).
For nerve size measurements, 8 renal arteries
(4 from hypertensive subjects and 4 from nonhy-
pertensive subjects) were selected to delineate nerve
size by using NFP staining, and 4 sections (proximal,
middle, distal, and post-bifurcation) were selected
from each renal artery. The representative images of
nerve sizemeasurements are shown in Online Figure 1.
A total of 1,517 peri-arterial nerves from 32 sections
were measured (Online Table 3). The correlation be-
tween the number of nerves identiﬁed by using NFP
and H&E staining was excellent, involving a total of
32 co-registered sections (Online Fig. 2). Dual marker
for immunoﬂuorescence staining using tyrosine hy-
droxylase (TH) and calcitonin gene–related peptide
(CGRP) was performed on 15 sections from 5 patients
(mean age 38  10 years; 4 male and 1 female sub-
ject; 3 with hypertension and 2 with no hyperten-
sion; mean length of renal artery 2.8  0.8 cm).
Overall, the TH-positive area was far greater than
the CGRP-positive area (mean individual TH-positivearea/CGRP-positive area ratio 25.1  33.4 [p < 0.0001]
for CGRP-positive area versus TH-positive area). The
ratio of TH-positive/CGRP-positive area was not
signiﬁcantly different between the proximal, middle,
and distal segments of the renal arteries (p ¼ 0.25)
(Fig. 3). The presence of sympathetic nerve ﬁbers in
kidney tissue is shown in Online Figure 3.
The comparison of the mean number of individual
nerves, mean individual nerve distance, and mean
individual nerve size between hypertensive and
nonhypertensive cases is shown in Table 4.
DISCUSSION
Human renal nerve location was investigated in 40
renal arteries from 20 subjects with an emphasis on the
distance from the lumen of renal artery to each nerve.
The maximal mean number of nerves was observed in
the proximal and middle segments of the renal artery,
whereas the least average number of nerves was seen
in the distal segment. The circumferential distribution
was greatest in the ventral and least in the dorsal re-
gions. In themain renal artery, the 50th, 75th, and 90th
percentile of nerve distance from renal artery lumen
TABLE 3 Distribution of Nerves Stratiﬁed According to Total Number and Distance From Lumen on the Basis of Anatomic Location
Whole Distribution (n ¼ 8,030 Nerves)
Ventral Dorsal Superior Inferior Total
Distance from lumen to nerve, mm
0–<1 228 214 117 130 689 (8.6)
1–<2 1,018 655 477 450 2,579 (32.1)
2–<3 487 274 323 342 1,426 (17.8)
3–<4 320 127 271 336 1,054 (13.1)
4–<5 180 60 238 253 731 (9.1)
5–<6 82 35 234 216 567 (7.1)
6–<7 49 17 184 121 371 (4.6)
7–<8 14 1 156 71 242 (3.0)
8–<9 0 0 137 54 191 (2.4)
9–<10 0 0 107 36 143 (1.8)
$10 0 0 12 4 16 (0.2)
Median length, mm 1.92 1.62 3.82 3.21 2.44
Total no. of nerves 2,378 1,383 2,256 2,013 8,030
Comparison Among Ventral, Dorsal, Superior, and Inferior on the Basis of Each Renal Artery (40 renal arteries)
Ventral
(n ¼ 40)
Dorsal
(n ¼ 40)
Superior
(n ¼ 40)
Inferior
(n ¼ 40)
p Value for
Overall
p Value for
Ventral Versus
Dorsal
p Value for
Superior Versus
Inferior
Mean no. of nerves 11.0  3.5 6.2  3.0 10.8  6.0 9.4  5.2 <0.001 <0.001 1.00
Mean distance from lumen
to nerve, mm
2.33  0.48 1.98  0.60 4.06  0.90 3.41  1.07 <0.001 0.001 0.006
Values are n, n (%), or mean  SD. Friedman test or repeated measures analysis of variance was used.
TABLE 4 Comparison of Nerve Anatomy Between Hypertensive Samples
Compared With Nonhypertensive Samples
Hypertensive
(n ¼ 12)
Nonhypertensive
(n ¼ 8) p Value
Mean no. of nerves per section 36.6  8.1 38.8  12.0 0.62
Mean nerve distance from lumen
to each nerve, mm
3.21  0.53 2.97  0.29 0.27
Hypertensive
(n ¼ 4)
Nonhypertensive
(n ¼ 4)
Mean nerve size, mm 0.12  0.03 0.13  0.02 0.85
Values are mean  SD. Unpaired Student t test was used.
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639was 2.44, 4.28, and 6.39 mm, respectively (Central
Illustration). In 8 selected renal arteries, nerve size
was similar among the proximal, middle, and distal
segments. Compared with the TH-positive ﬁbers,
the CGRP-positive ﬁbers were rarely observed,
whereas the TH/CGRP ratio was similar between
the proximal, middle, and distal segments. Nerve
anatomy in hypertensive subjects did not differ
compared with that of nonhypertensive patients.
Although precise knowledge of peri-arterial renal
nerve distribution is key to understanding renal
sympathetic denervation procedures, the information
has not been fully elucidated in humans. Recently,
Atherton et al. (6) reported anatomy of peri-arterial
renal nerves in 9 renal arteries from 5 patients. One
of the shortcomings of this study is the inadequate
method used for the histopathological sectioning; the
authors only examined 2.5 mm of the perirenal tissue
around the renal artery, therefore introducing a bias
with respect to assessing the true distance of peri-
arterial nerves from the lumen. In this regard, the
results of the present study are more comprehensive
owing to the detailed analysis of nerve distance,
including circumferential orientation of distances
measured in a well-powered number of hypertensive
and nonhypertensive patients. Another difference
between the present study and that by Atherton et al.
relates to the substantially greater number of nervescounted along the peri-arterial renal circumference
in our study, which may partly explain the different
methodological approaches by including a larger area
of the perirenal tissue in our sections to quantify
nerve ﬁbers. Furthermore, we used immunohis-
tochemistry to investigate the ratio of afferent to
efferent nerve ﬁbers within nerve fascicles, which is
an important step toward understanding how dis-
rupted neuronal cross-talk may also affect arterial
hypertension.
Compared with proximal and middle segments,
therewere fewer nerves in the distal segments, and the
distance from the lumen to nerves was shorter. One
potential explanation for this anatomic variability is
the fact that paravertebral aortorenal ganglia are
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FIGURE 2 Cumulative Distribution of Nerves at Distance From Lumen
(A) The cumulative distribution of nerves at distance from lumen was calculated from 8,030 nerves before the bifurcation. The 50th percentile in the distance from the
lumen to nerves was 2.44 mm, whereas the 75th and 90th percentiles were 4.28 mm and 6.39 mm, respectively. (B) The cumulative distribution of nerves at distance
was divided into the proximal (n ¼ 3,070), middle (n ¼ 2,952), and distal (n ¼ 2,008) segments. The 50th percentile in the distance from the lumen to nerves in the
proximal, middle, and distal segments was 2.84, 2.58, and 1.81, respectively. (C) The cumulative distribution of nerves at distance was divided into the ventral
(n ¼ 2,378), dorsal (n ¼ 1,383), superior (n ¼ 2,256), and inferior (n ¼ 2,013) regions. The 50th percentile in the distance from the lumen to nerves in the ventral, dorsal,
superior, and inferior regions was 1.92, 1.62, 3.82, and 3.21, respectively.
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640located near the ostia of the renal arteries, and they
receive substantial rami from thoracic splanchnic
nerves (greater, lesser, and least) (7). These rami ter-
minate in the aortorenal ganglia, and a large number of
ﬁbers gives rise to the renal plexus. Therefore, the
number of nerve ﬁbers is likely to be maximum near
the ganglia (e.g., near the ostia of the renal arteries or in
the proximal regions of the renal arteries). Moreover,
the aortorenal ganglia are located in either the supe-
rior, inferior, or ventral segments of the renal artery,
which support our ﬁnding that the density of nerves is
less in the dorsal segments of the renal artery.To our knowledge, the density of efferent or
afferent nerves has not been investigated in the
human autonomic peri-arterial renal nervous system
to date. We demonstrated a greater abundance of
efferent compared with afferent nerve ﬁbers and that
the proportion of afferent nerve ﬁbers is not different
between the proximal, middle, and distal segments.
Recently, Tellez et al. (8) reported that efferent ﬁbers
are far greater than afferent ﬁbers in pigs, which
aligns with our ﬁndings in humans. The renal efferent
sympathetic nerves innervate the 3 major neuro-
effectors in the kidney (9). The stimulation of
FIGURE 3 Representative Nerve Images of Immunoﬂuorescence Using Dual Stain
Red channel ¼ tyrosine hydroxylase (TH); green channel ¼ calcitonin-gene related peptide (CGRP) around the proximal, middle, and distal
renal artery sections. TH-positive areas in all nerve fascicles predominate with infrequent CGPR-positive areas observed. The TH/CGRP ratio
within nerve fascicles did not differ between the proximal, middle, and distal renal artery sections (p ¼ 0.25). The scale bars represent 20 mm.
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641beta1-adrenoreceptors on juxtaglomerular granular
cells increases renin secretion rate, the stimulation of
alpha1B-adrenoreceptors on renal tubular epithelial
cells increases renal tubular sodium reabsorption,
and the stimulation of alpha1A-adrenoreceptors on
the renal arterial resistance vessels decreases renal
blood ﬂow.
Although renal afferent sensory nerves are not
adrenergic in nature, they play an important role
in the central sympathetic regulation (10). Radio-
frequency reduction of peri-arterial renal autonomic
nerves has been an important therapeutic innovation
for the treatment of resistant hypertension. Our
results suggest that the nonselective partial renal
denervation of both efferent and afferent nerve ﬁbers
is likely to play a causative role for the effective
treatment of resistant hypertension, which has been
achieved in the Symplicity HTN-1 and -2 and the
EnligHTN I trials (2,11) and other non–BP-related ef-
fects (12). However, a population of 10% to 15% non-
responders remains, which may suggest that a certaincritical threshold of nerve injury is required or that
sympathetic overdrive may not be the only mecha-
nism of resistant hypertension (13).
Our results could have a substantial clinical impact
on reﬁnement of renal denervation strategies on
multiple levels. First, application of thermal energy
could be focused on proximal and middle arterial
segments in which peri-arterial sympathetic nerve
ﬁbers are concentrated. However, the distance from
the arterial lumen to nerve is shorter in distal arterial
segments, which suggests less thermal energy may be
required to achieve nerve damage. Further studies
will be required to address these questions.
With respect to the current guideline (13), >40% of
hypertensive patients are anatomically ineligible for
renal denervation therapy (14). The prevalence of
duplicated renal arteries (main artery þ accessory or
polar [aberrant] artery) is as high as 20% of hyper-
tensive patients. Therefore, it is debatable whether
radiofrequency ablation of renal sympathetic nerves
should be extended to accessory/polar arteries (15). In
CENTRAL ILLUSTRATION Proposed Diagram of Renal Artery and
Circumferential Peri-Arterial Nerve Location
Although there were fewer nerves surrounding the renal artery (RA) in the
distal segments compared with the proximal and middle segments, the mean
distance from RA lumen to nerve location is least in the distal segments
compared with the proximal and middle segments.
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642addition, it has been reported that the efﬁcacy of
renal sympathetic denervation procedures is less
pronounced in patients with accessory/polar arteries
compared with those without. However, greater BP
reduction was observed in the denervated accessory
artery group compared with the incompletely dener-
vated accessory group. This novel ﬁnding may likely
be explained by the fact that the effective nerve area
targeted by radiofrequency ablation is probably
smaller in patients with accessory/polar arteries
because these have not been deemed suitable for this
treatment to date. Although accessory artery size is
relatively small (diameter 2.3  0.3 mm), we demon-
strated the existence of nerves around accessory
renal arteries, which could be targeted for renal
denervation in the future. The cumulative distribu-
tion of nerve distance from renal arterial lumen pro-
vided in the present study shows that >75% of
sympathetic nerves are located within a distance of
4.28 mm, which provides meaningful insights into
the treatment zone that should be targeted by renal
denervation procedures. Our study further shows
that renal nerves are least concentrated in the dorsal
region compared with the ventral, superior, and
inferior regions.
STUDY LIMITATIONS. Although we investigated a
large number of nerves, the number of autopsy cases
was limited (n ¼ 20 [with only 4 women]). Thus, thereis a chance of not being able to detect signiﬁcant
differences due to sample size of hypertensive versus
nonhypertensive patients, and male versus female
subjects. However, because this is the ﬁrst human
study comparing nerve anatomy between patients
with and without hypertension, valuable information
can be retrieved from our ﬁndings. In addition, the
number of accessory arteries was limited (n ¼ 6), and
there was no polar (aberrant) arteries in the study
samples. Immunoﬂuorescence for efferent and
afferent nerves was performed in a limited number of
sections (n ¼ 15). Despite these limitations, we
observed a signiﬁcant difference in staining intensity
between efferent versus afferent nerves. Nerve
identiﬁcation and measurements were performed on
H&E-stained sections, which is not a speciﬁc stain for
nerve ﬁbers. However, the correlation between the
number of nerves identiﬁed on H&E-stained sections
and those identiﬁed by using immunohistochemistry
was excellent in selected sections. Although
pressure-perfusion ﬁxation using 10% formalin was
performed in the present set of samples, tissue
shrinkage must have occurred, which is estimated to
be close to 20% (4). However, these adjustments were
not added to our data because of age dependency of
tissue shrinkage and ex vivo assessment.
CONCLUSIONS
Compared with proximal and middle renal segments,
distal segments had signiﬁcantly fewer mean num-
ber of peri-arterial renal nerves. The total number of
nerves in the dorsal arterial region was less than in
the ventral region. The distribution of the distance
of nerves from the renal arterial lumen varied
considerably, from <1 mm to >10 mm; however, the
75th percentile of the distance was 4.28 mm. Peri-
arterial renal nerves were dominantly composed of
efferent rather than afferent ﬁbers, and the relative
proportion of afferent ﬁbers was not different be-
tween the proximal, middle, and distal segments.
Peri-arterial renal nerve anatomy among hyperten-
sive and nonhypertensive patients was not different.
Understanding these anatomic characteristics is
important for the development of renal denervation
devices.
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PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: Hyper-
tension is resistant to antihypertensive treatment in up to
15% of hypertensive patients, and renal sympathetic
denervation is an investigational therapy for patients with
resistant hypertension.
TRANSLATIONAL OUTLOOK: The relationship be-
tween the anatomic location of sympathetic nerves within
the renal arteries (proximal, middle, or distal and ventral
or dorsal) may inﬂuence the amount of energy required to
achieve catheter-based renal denervation. Further
research is needed to determine the impact of these
anatomic factors on the antihypertensive efﬁcacy of the
procedure.
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